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On the Sensitivity of a Tool-Workpiece Thermocouple
to Chemical Composition and Microstructure

Philipp Trober,* Alfred Hackl, Harald Leitner, Markus Welm, Peter Demmel,

Matthias Golle, and Wolfram Volk

Meeting the increasing demands on part quality and profitability of manufacturing
processes despite difficult-to-machine materials is only possible with a deep
understanding of the process. Herein, knowledge about the process temperature
is of critical importance since it affects the material properties, such as hardness
or forming behavior, as well as the chemical and physical interactions between the
tool, workpiece, and lubricant. A proven thermoelectric method of temperature
measurement in machining, forming, and blanking is a tool-workpiece ther-
mocouple. Herein, instantaneous measurement of the temperature development
is allowed in this setup during the manufacturing process in situ at the contact
area of the tool and workpiece. The accuracy of this method is dependent on the
calibration of the thermocouple, for which the Seebeck coefficients of the tool and
workpiece material have to be determined. Usually, material samples from dif-
ferent batches are used for this purpose, although the resulting measurement
errors due to slight changes in material properties are hardly known. The effects of
small changes in the chemical composition and the transformation of the crystal
lattice due to hardening on the Seebeck coefficient are investigated for the first
time to allow precise quantification of the measurement error resulting from the

1. Introduction

Since almost all mechanical, electrical,
magnetic, and optical material properties
depend on temperature, it is generally
considered to be one of the most impor-
tant and most frequently determined
technical-physical measurand.!! During
metal processing, the dissipation of up
to 95% of the conducted plastic work
and friction cause a temperature rise in
the workpiece and the active elements of
the tool, which effects the whole process.!?!
In addition to the mechanical material
properties, such as hardness or forming

behavior, the resulting temperature
influences fundamental physical and
chemical interactions between tool,

workpiece, and lubricant.’! Therefore, it
determines the lubricant and coating

calibration process.
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performance, wear behavior, component
quality, and process stability. To get a deep
understanding of the process and avoid
economic losses, especially in mass-pro-
duction processes such as blanking or cold
forming, a precise knowledge about the occurring process tem-
perature is of decisive importance.

Because of their relevance, arising temperatures have been
investigated with various methods for almost all manufacturing
processes. However, depending on the measuring method used,
mentioned temperatures differ greatly in literature. This can be
seen exemplarily in the results gained during blanking, where
temperatures derived with embedded thermocouples differ
between less than 2001 and 450 °C,"”) and values from 521 to
over 500°C”! can be found in case of radiation thermometry.
The large scatter can mainly be traced back to the frequently
missing clear geometric and temporal assignment of the temper-
atures, and especially unknown measurement uncertainties.®!

Based on thermoelectric phenomena, one method for measur-
ing temperatures in real time is a tool-workpiece thermocouple.
Since the tool itself represents the sensor in this case, a time delay
due to heat conduction and transfer can be excluded.””) It allows a
locally defined determination of surface temperatures averaged
across the entire contact area of tool and workpiece.'”! By using
this setup and a punch with undercuts to limit the contact area
between punch and sheet metal to the cutting edge, Demmel
et al. measured precise temperature curves with maxima up to
250°C during blanking fine-grained steel with a thickness of
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4 mm.M In other investigations, only 165 °C was determined for
the same sheet metal. Due to the use of a cylindrical punch, this
difference can be attributed to an increased contact area including
colder parts, which decreases the average temperature.®

Since this measuring setup is always custom-made and
especially adapted to machine, tool, and process, different sour-
ces of error must be considered to guarantee a high quality of
measurement. Measurement errors occur most often due to
insufficient electrical insulation, temperature gradients at the
electrical contacts causing spurious voltages, and, most impor-
tantly, the calibration process."** For a confidence level of
95%, Demmel calculated an expanded uncertainty of 4°C in a
temperature range between 200 and 300 °C as well as less than
6 up to 400 °C for the whole measuring system.''] Masek et al.
specified an uncertainty of 16.7 °C for their setup in turning.!"”’

In regards to the calibration, for geometric reasons, the active
elements can often not be characterized directly, and therefore
specimens made of the same material are used as substitutes.
Furthermore, when using this technology for process monitor-
ing, not all sheet metal batches are thermoelectrically character-
ized. This causes a measurement error due to variations in the
chemical composition, which is negligible with a maximum of
0.3% according to Xu and Tong.'® However, the respective
extent of the influence of individual alloying elements is still
unclear. For this reason, the proportions of the elements silicon,
aluminum, and nickel in the chemical composition of two
different chromium steels were varied and the effect on the ther-
moelectric behavior of the respective alloy was examined in
soft-annealed, as well as hardened and tempered, condition.
Afterward, the temperature occurring during blanking was
measured. By linking both results, the resulting temperature
deviation for a tool-workpiece thermocouple could be quantified.

2. Experimental Setup and Approach

2.1. Tool-Workpiece Thermocouple

A tool-workpiece thermocouple can be implemented in almost
all tools without affecting the process. Like standard thermocou-
ples, this method is based on the Seebeck effect, due to which
electricity arises in an electrical circuit consisting of two different
electrical conductors, when both junctions exhibit different
temperatures.™”! Its strength depends on both the temperature
difference between the conductor ends and the thermoelectric
behavior of the conductors, represented by the Seebeck
coefficient.

For this study, this measuring principle, as illustrated in
Figure 1, was implemented in a stiff and modular blanking tool.
Punch and sheet metal represent two different conductors, form-
ing the two legs of the thermocouple. The contact area between
both of them represents the measuring junction. Undercuts on
the lateral surface of the punch guarantee a defined and localized
contact at the cutting edge of the punch.!"® Since common steel
alloys do not exhibit high Seebeck coefficients, occurring thermo-
voltages are very low, in the range of a few millivolts. For this
reason, punch and sheet metal are connected to an amplifier
and a voltmeter via copper wires. These junctions are located
at areas with constant temperature to avoid spurious
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Figure 1. Principle structure of the tool-workpiece thermocouple.
Adapted with permission."® 2012, Wiley-VCH.

thermovoltages. An electrical insulation of the active elements
and the sheet metal from the rest of the tool by ceramic elements
prevents interfering signals from the outside. The circular punch
has a diameter of 70 mm and a cutting edge radius of 10 pm in all
the experiments. No lubricants have been applied. The exact
punch geometry, as well as more details, can be found in ref. [11].

2.2. Thermoelectric Material Characterization

A calibration of the tool-workpiece thermocouple is needed to
deduce a temperature from the measured thermovoltage.
Therefore, both sheet and tool material are characterized with
regard to their thermoelectric behavior. This is represented by
the thermovoltage curve related to temperature. The slope of this
graph corresponds to the material-specific Seebeck coefficient,
which is mainly determined by the chemical composition.
However, since it depends on a variety of other factors, such
as heat treatment state, degree of deformation, and temperature,
a thermoelectric characterization can only be performed experi-
mentally.*) For this reason, a special test setup was developed,
whose underlying electrical circuit is shown in Figure 2. It con-
sists of the material sample and the reference material platinum,
with which a relative Seebeck coefficient is determined.

The characterization process is based on a defined tempera-
ture gradient along the specimen, which has a diameter of
10 mm and a length of 160 mm. While one end is kept at a tem-
perature of 0°C by an ice bath, the other end is continuously
heated up to 500 °C. The use of a copper block with heating car-
tridge ensures uniform heating. Two high-precision thermocou-
ples monitor the temperatures at each end of the sample. They
exhibit a diameter of 0.25 mm, which minimizes time delay due
to heat transfer. Simultaneously, the arising thermoelectric volt-
age is amplified und measured. An argon atmosphere prevents
measurement errors due to oxidation. By characterizing both
legs of a standardized type K thermocouple, a maximum mea-
surement deviation of 1.25% (standard deviation [SD]=0.5%)
of the thermovoltage value could be revealed.

After characterizing all materials relative to platinum, the ther-
moelectric behavior of the tool-workpiece thermocouple corre-
sponds to the difference between the thermoelectric voltage
curves of the tool and workpiece materials. The resulting graph
allows the assignment of an exact temperature to each voltage value.

© 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 2. Underlying circuit for the thermoelectric material characterization. Adapted with permission.'” 2013, Trans Tech Publications Ltd.

Further details on the calibration process can be found in
refs. [8,12].

2.3. Investigated Materials in the Basic Chemical Composition

Two 8% chromium steels with only slight differences in their
chemical composition, which can be found in Table 1, were cho-
sen as basic compositions. While one alloy is conventionally
melted (CM) in series production, the other is produced by
the electro-slag remelting method (ESR), ensuring low micro-
and macro-segregations as well as high purity and homogeneity.
In regard to the differing melting processes, these cold-working
steels (CWS) will be referred to as CWScy and CWSgsr in the
following sections.

Based on these basic chemical compositions, the quantities of
the alloying elements silicon, nickel, and aluminum were varied
to determine the effect of variations in their chemical composi-
tion on the thermoelectric behavior and thus the measurement
accuracy of the tool-workpiece thermocouple. All laboratory
materials (LM) were thermoelectrically characterized in the
soft-annealed condition as well as after a hardening and temper-
ing process. In addition to these tool steels, the cemented carbide
CF-H40S was chosen for temperature measurements during
blanking due to its negative Seebeck coefficient. The chosen ele-
ments were also characterized separately. All samples exhibited a
purity of at least 99.9%.

The steel grade 42CrMo4 with a thickness of 4 mm was used
as sheet metal during the temperature measurement. This

Table 1. Chemical composition of the investigated materials in mass
fraction in %.

C Si Mn Co Cr Mo wWC V. Ni Al Fe
CWSgsg 1.2 08 04 - 81 20 - 05 03 1.0 Balance
CWScm 1.1 07 04 - 81 21 - 0.5 0.2 02 Balance
CF-H40s - - - 118 - - Balance - - - -
LM_Al, 1.2 07 04 - 80 21 - 05 03 1.1 Balance
LM_Al, 1.1 10 04 - 80 20 - 0.5 0.3 1.3 Balance
LM_Al; 1.2 1.0 04 - 8.1 21 - 0.5 03 1.6 Balance
LM_Siy 1.2 05 04 - 8.1 22 - 05 0.2 0.1 Balance
LM_Si, 1.1 09 04 - 81 21 - 0,5 03 0.3 Balance
LM_Sis 1.1 13 04 - 81 21 - 0.5 03 02 Balance
LM_Si, 1.1 15 03 - 81 21 - 0.5 03 02 Balance
LM_Ni, 1.2 09 04 - 80 20 - 0.4 0.5 < 0.1 Balance
LM_Ni, 1.1 1.0 04 - 81 20 - 04 1.0 < 0.1 Balance
LM_Ni; 1.1 09 04 - 81 20 - 04 1.5 < 0.1 Balance
LM_Ni;, 11 09 04 - 75 20 - 04 2.0 < 0.1 Balance
42CrMo4 04 02 07 - 1.0 0.2 - - 01 - Balance
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common chromium-molybdenum steel is usually used in the
automotive industry after being quenched and tempered. The
sheets have a tensile strength of 483 MPa and a yield strength
of 269 MPa. Table 1 shows the chemical composition of all tool
and sheet materials, as well as the modified samples, which were
all determined by optical emission spectroscopy with the
Foundry-Master from Worldwide Analytical Systems AG,
Uedem, Germany. In this method, the material is first vaporized
by a spark. Afterward, the chemical composition is derived from
the wavelength spectrum of the emitted radiation.

3. Results and Discussion

3.1. Temperature Measurement during Blanking

Figure 3 shows the punch force and temperature profile related
to the punch travel during blanking 42CrMo4 with 4 mm thick-
ness. The die clearance was set to 0.04 mm and the punch veloc-
ity to 70 mm s~ '. Negative punch travel values indicate a punch
movement downward to bottom dead center at 0 mm. The return
stroke is not shown because of a missing contact between punch
and sheet metal due to the punch geometry.

At —6 mm, the punch gets in contact with the sheet metal and
both deform elastically. In this phase, a leveling of asperities
takes place resulting in weak heating and a strongly fluctuating
signal due to undefined contact conditions. At —5.5 mm, a clear
temperature signal arises. Its starting level is 28 °C (SD =4 °C),
corresponding to the ambient temperature. This indicates the
beginning of the plastic deformation of the sheet metal, where
a defined contact between punch and sheet metal prevails.
Subsequently, the punch force grows until its maximum of
313kN, causing a temperature rise to 103°C (SD=1°C) at
—4.6mm. After the punch force maximum, cracks develop
and propagate in the sheet metal, causing a decreasing force.
In contrast, temperature still rises almost linearly, but with a
smaller slope, until it reaches a plateau at 188°C (SD =3 °C)

)
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6 -5 -4 -3

Figure 3. Punch force and temperature profile over punch travel when
blanking 4 mm 42CrMo4 with a die clearance of 1% and a punch velocity
of 70mms~".
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at —2.9 mm. This course can be traced back to a partial material
separation, which also manifests itself in a change of the punch
force slope. Due to the small die clearance, cracks in the sheet
metal originating from die and punch do not meet directly, which
leads to a renewed formation of clean cut, the secondary clean cut.
Together with a localization of the dissipated plastic work in the
small, and further declining, shear zone between punch and die,
the temperature rises again to its maximum of 248 °C (SD =5 °C)
at —1.6 mm. After the temperature maximum, the sheet metal is
separated completely, causing the temperature to decline. In this
phase, the cooling of the slug in the die is superimposed by heat
introduced by friction between slug and die.

3.2. Chemical Compositions and Thermovoltage

Figure 4 shows the material-specific thermovoltage of the sheet
material 42CrMo4, the basic material CWSgggr in hardened and
tempered condition, as well as CWScy in soft-annealed
condition with respect to temperature. Furthermore, the figure
illustrates the calibration profile of a tool-workpiece thermocou-
ple consisting of CWSgsg and 42CrMo4, which corresponds to
the difference between the thermovoltages of both materials.
Due to similar thermoelectric behaviors, the resulting calibration
curve is low with a maximum of 1.34 mV at 360 °C. It serves as a
basis for calculating a real temperature measurement error from
the thermoelectric voltage change due to modified chemical com-
positions. Therefore, the determined deviation is added to the
thermoelectricity value of the tool material at 248 °C. With this
differing value, a temperature can be determined on the basis
of the calibration curve, which shows the temperature deviation.
All thermoelectricity curves are averaged over at least five meas-
urements. The highest standard deviation amounts to 0.03 mV in
the temperature range from 0 to 300 °C and 0.1 mV up to 500 °C.

Comparing both basic materials, CWScy generates a thermo-
voltage, which is 22.5% higher than the one of CWSgsg. This
corresponds to a significant difference because most of the alloy-
ing elements and therefore steel alloys generate thermovoltages
in the range of 3-11 mV relative to platinum.

Due to the strong influence on the material-specific thermo-
voltage, this difference can be attributed to the chemical compo-
sition, which mainly differs in the aluminum and silicon content.
Especially the latter is interesting in regard to thermoelectricity.

o 10
2
S Sl CWS_, (hard)
g g ESR
o 42CrMo4 -
g /1l—Calibration curve L
2 6 s
g Pz
E 5 S
2 4 e
= Z
3
2
1 -/‘/’/‘
oLz
0 100 200 300 °C 500

Temperature

Figure 4. Thermovoltage of the basic materials and the calibration curve
for a tool-workpiece thermocouple consisting of CWSgsg and 42CrMo4.
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Due to its semiconductor properties, silicon can generate both
negative and positive thermovoltages relative to platinum,
depending on the doping element. A high thermovoltage is also
characteristic of semiconductors, as confirmed by the thermo-
electric characterization of silicon wafers. While boron-doped
crystalline silicon generated a maximum thermovoltage of
+325mV (SD=12mV) at a temperature of 300°C, it is
—422mV (SD =3 mV) with phosphorous at 500 °C.

Therefore, silicon was varied first. Figure 5 shows the thermo-
voltages of both basic alloys and the LMs from LM_Si; to LM_Si,4
relative to the temperature difference along the sample. While
the silicon content of the investigated materials varies between
0.5% and 1.5%, the rest of the compositions are nearly identical,
which can be seen in Table 1. Nevertheless, the results show
that increasing the silicon content from 0.5% (LM_Si;) to
1.5% (LM_Siy) lowers the thermoelectric voltage at 500 °C
from 8.9mV (SD=0.1mV) to 6.6mV (SD=0.1mV), which
corresponds to a reduction of 26.7%.

The smallest change in silicon content between LM_Si, and
LM_Si; reduces the thermovoltage by 6.1% at 248 °C. In regard
to the temperature measurement, an increase of the thermovoltage
of the tool material would lower the calibration curve. Consequently,
a temperature of 297 °C instead of 248 °C would be measured.

However, CWSgsgr still exhibits the lowest thermovoltage,
despite a lower silicon content. Since the aluminum content
is the other main difference between both basic materials, its
amount was varied in the chemical composition of CWSgsr.
The resulting thermovoltages are illustrated in Figure 6.
Although the thermovoltage of pure aluminum is low with a
maximum of 3.9mV (SD=0.1mV) at 500°C compared to
silicon, a change in its content has a strong effect on the
thermovoltage of the steel alloy. While a difference in the silicon
content of about 0.2% between CWScy and LM_Si, reduced the
thermoelectric voltage by 12.4% (Figure 5), it is 17.8% for a
reduction of 0.3% in the aluminum content between LM_Al,
and LM_Al;. Consequently, despite completely different thermo-
voltage curves, silicon and aluminum exhibit a comparable effect
on the thermovoltage of the alloy. An estimation of the resulting
error based on the thermoelectric voltages of the pure elements is
therefore only conditionally possible.

Due to a higher silicon but lower aluminum content, the
change in thermovoltage between CWSgsg and the sample

» 10 . =
2 my [-—EM_Si, (0.5% Si)
= --—-CWS,,, (0.7% Si)
o 8--LM_si,(0.9% Si)
£ Ti-—-LM_Si,(13%Si) | T
S pfl-rLM_Si,(LE% Si) | .~ o2
S gl CWS,, (08% Si) [, 272
2 4 Al
= e

3 /’I"'/{"(

P e
1 LFE
G
0

0 100 200 300 °C 500
Temperature

Figure 5. Effect of variations in the silicon content on the thermovoltage of
the alloy.
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Figure 6. Effect of variations in the aluminum content on the thermo-
voltage of the alloy.

material LM_Al; amounts to 2% at 248 °C. Nevertheless, increas-
ing the thermovoltage of the tool material by this percentage
would cause an error in temperature measurement of 18 K.

Nickel was chosen as an element to be varied because it belongs
to the few elements with a negative Seebeck coefficient, causing a
thermovoltage of —6.1 mV (SD = 0.2 mV) at 500 °C. Figure 7 illus-
trates the effect of nickel on the thermovoltage of the basic mate-
rial CWScy. The thermovoltage profiles indicate that the Seebeck
coefficient, and thus the thermovoltage, decreases with an increas-
ing nickel content. A difference in the nickel content of 0.2%
between the basic material and LM_Ni; leads to a reduction in
thermovoltage of 5.0%. However, the difference is also influenced
by other divergent contents, such as aluminum and silicon. In con-
trast, the other laboratory samples have a similar composition.
While the relative decrease from LM_Ni; to LM_Ni, amounts
to 2.6%, it is 6.8% from LM_Ni, to LM_Ni; and 8.7% from
LM_Ni; to LM_Ni,. In total, 2% more nickel in the composition
reduces the thermovoltage by 17.1%. The reduction in thermovolt-
age between CWScy and LM_Ni; of 4.5% corresponds to a mea-
surement error of 35 K.

3.3. Effect of Heat Treatment on the Thermovoltage

Because of the high surface pressures and loads in a blanking
tool, active elements are normally hardened and tempered before
use. While the hardening process causes a hardness increase due

» 10 -
2 mv Il CWS,,, (02% Ni)
S gl - "LM_Ni (05%Ni)
2 -—-LM_Ni, (1.0% Ni)
5 7 LM_Ni, (1.5% Ni) Pt
T B LM_Ni,20%Ni)| 27
] R A
g 5 /’//'7/’/'
2 4 o
r/’

2 ,;./f,':f’

1 //

0l="_, ; ; ;

0 100 200 300 °C 500

Temperature

Figure 7. Effect of varying nickel content on the thermovoltage of the alloy.
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to a structural transformation from austenite to martensite, a
subsequent tempering reduces tensions in the structure
again, depending on temperature and time, and allows a precise
adjustment of the toughness and final hardness. Furthermore,
the retained austenite in the structure transforms into
martensite, too.

To investigate the resulting effect on the thermoelectric
behavior of the alloy, all samples were first examined in the
soft-annealed and afterward in the hardened and tempered
condition. The heat treatment was carried out for each material
according to the manufacturer’s specifications. Figure 8 shows
the microsections of the basic materials and the laboratory sam-
ple LM_Si; exemplary for the silicon variation. While all samples
exhibit austenite with coagulated carbides in the soft-annealed
condition, the material structure changes to fine-tempered
martensite after heat treatment. The only difference between
the laboratory samples and the basic materials are coarser
chromium carbides of the latter. Significant differences in the
grain size could not be observed.

Figure 9 illustrates the thermovoltage occurring at a tempera-
ture of 500 °C for the basic materials and all samples from the
silicon variations in soft-annealed and hardened condition. The
relative change of the thermovoltage between both conditions is
also given. Across all samples, the transformation of the struc-
ture causes a decrease in the Seebeck coefficient and thus a lower

Soft-
annealed

g

Hardened &
tempered

50 pm

Figure 8. Microsections of the basic materials and LM_Si; in soft
annealed as well as hardened and tempered condition.
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Figure 9. Effect of the hardening process on the thermovoltage at 500 °C.
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slope of the thermovoltage curve. The highest relative change
occurs in case of the basic material CWScy, where the thermo-
voltage declines from 6.2 to 5.6 mV. This corresponds to a rela-
tive change of 9.7%. In contrast, CWSgsg with 3.8% exhibits the
smallest relative decrease in thermovoltage across all materials.
In sum, despite different levels of thermovoltage, the crystal lat-
tice transformation leads to a similar absolute decrease of 0.5 mV
for all LMs, which corresponds to an average relative decrease of
6.7% (SD = 2.0%). Since the chemical composition is the same
before and after heat treatment, this change can be attributed to
the changes in the crystal structure, especially the transformation
from austenite to martensite and the accompanying tensioning
of the lattice. This is in accordance with the results of Demmel
et al. who found comparable effects of strain hardening on the
material-specific thermovoltage.'”) In contrast, a comparison of
the thermoelectric voltages of the basic materials with the labo-
ratory samples shows that the size of the carbides after heat treat-
ment plays a subordinate role. Although both basic materials
have larger carbides than the laboratory samples, the basic mate-
rials show an under- and overcutting of the average.

Altogether, it can be assumed that the influence on the
Seebeck coefficient depends on the parameters of the heat
treatment and thus the exact structure and lattice characteristics.

If a soft instead of a hard material was used in the thermocou-
ple consisting of CWSgsg and 42CrMo4, this change would
correspond to a measurement error of 56 K. While the absolute
decrease in thermoelectricity is in accordance with ref. [16], the
resulting measurement error deviates strongly compared to 10 K,
which can be attributed to the low calibration curve.

4, Conclusion

In this study, the course of the temperature with a maximum of
248°C (SD =5 °C) was measured with a tool-workpiece thermo-
couple during blanking.

Afterward, the proportions of silicon, aluminum, and nickel in
the chemical composition in two basic alloys were varied and the
effects on the material-specific thermoelectric voltage relative to
platinum were investigated. The results show that an increase in
the proportion of each of these elements decreases the thermo-
voltage of the alloy. While increasing the silicon proportion from
0.5% to 1.5% causes the thermovoltage to decrease by 26.7% at
500 °C, the addition of 0.6% aluminum lowered it by 17.8%. In
the case of nickel, a decrease of 20% occurs when increasing the
content from 0.2% to 2%. The hardening process reduces the
thermovoltage by an average of 6.7% across all investigated
materials.

Based on the calibration curve of a tool-workpiece thermocou-
ple made out of CWSgsg and 42CrMo4, the smallest occurring
changes in thermovoltages due to the chemical composition cor-
respond to a measurement error at 248 °C of 49K for silicon,
18 K for aluminum, and 35 K for nickel. Ignoring the hardening
process would lead to a measurement error of 56 K. These values
confirm that changes in chemical composition due to batch fluc-
tuations can lead to a significant measurement error in case of a
low calibration curve of the thermocouple.
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